There is evidence that the primate prefrontal cortex is involved in the monitoring of the order in which stimuli occur. The prefrontal cortical areas, however, involved in the capacity of the human brain to encode and hold ''in mind'' the precise order of occurrence of a limited number of visual stimuli after a single exposure are not known. Changes in regional cerebral activity were measured with functional magnetic resonance imaging while subjects were coding the precise order of a short sequence of abstract visual stimuli. The results demonstrate the involvement of areas 46 and 9/46, within the mid-dorsolateral subdivision of the prefrontal cortex, in the coding of the precise order of a short sequence of visual stimuli in working memory, consistent with earlier results from monkey lesion studies. The availability of such detailed serial-order information in working memory allows high-level cognitive planning and mental manipulation, functions that depend on prefrontal cortex.
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functional magnetic resonance imaging ͉ human ͉ serial-order memory O nly a few items can occupy our working memory (1, 2) . The capacity to monitor the precise order of a short sequence of visual stimuli/events after a single exposure and to hold their order ''in mind'' is fundamental to our ability for efficient ''on-line'' high-level planning and mental manipulation when precise order of what has just happened and what is about to happen is of the essence. It has been shown that, in the monkey, the capacity to monitor the precise order of a short sequence of visual stimuli after a single exposure depends critically on the mid-dorsolateral prefrontal cortex (DLPFC), which includes architectonic areas 46 and 9/46 (3) . Lesions restricted to mid-DLPFC abolish the ability to monitor the precise order of short sequences of stimuli (4-5 stimuli), although they leave intact memory for these stimuli (3) . The key region in the human prefrontal cortex for the encoding and retrieval of the precise order of a short sequence of stimuli in working memory is not known.
Although there is evidence that lesions of the prefrontal cortex in the human brain can impair the ability to discriminate between more-recent and less-recent stimuli in long sequences (4-7), these studies addressed a different question because of the use of long lists of stimuli in which the precise encoding of serial order after a single exposure is not possible. Some of these earlier studies (4, 7) examined organization strategies during the encoding of long lists in long-term episodic memory and retrieval from long-term memory based, partly, on the quality of organizational strategies. Furthermore, the large size of the lesions studied, which included damage to several prefrontal areas, precluded any conclusions about the key architectonic areas of the anatomically heterogeneous prefrontal cortex that might be involved in serial-order short-term memory (4-7), except for one study which indicated that the most common overlap in lesions giving rise to problems in recency discrimination was the mid-DLPFC (6) . Similarly, the few functional neuroimaging studies that examined temporal order memory used long lists of stimuli and experimental designs in which the precise encoding of order was not possible and, therefore, like the lesion studies, examined activity related to the effects of organization on controlled retrieval from long-term episodic memory (8, 9) . Thus, there is no answer to the question posed here: Are areas 46 and 9/46 of the human mid-DLPFC involved in the monitoring of the precise order of a short sequence of visual stimuli within working memory? The present functional magnetic resonance imaging (fMRI) study was designed to address this question by using an experimental design that could separate the encoding of the precise order of a short sequence of visual stimuli in working memory from the simple exposure and entry of those stimuli in memory.
Seventeen normal human subjects were scanned while performing a serial-order memory task (SOMT) and a control task (CT). The order of presentation of these two tasks was counterbalanced across subjects. On each trial of the SOMT, the subject observed a sequence of four new abstract visual stimuli. The sequence was followed by a test display during which two of these stimuli were presented simultaneously (Fig. 1a) and the subject had to indicate, by pressing the appropriate response key, which one of the two stimuli occurred earlier in the sequence. In the CT, again a sequence of four new abstract visual stimuli was presented on each trial, but in the test display one of these stimuli was shown together with a new stimulus and the subject had to indicate which one was the stimulus in the sequence by pressing the appropriate response key (Fig. 1a) . The subjects had been instructed to encode the order of the four new stimuli on each trial of the SOMT, but to encode only their physical characteristics in the CT (see Methods). Thus, the SOMT required encoding of the precise order of the stimuli in the sequence, and the CT required encoding of their physical characteristics. Note that the difficulty of recognition memory tasks (like the CT) increases as the similarity among the presented items increases, because a more precise memory of the encoded stimuli is required. In this study, the difficulty of the CT was matched to the difficult part of the SOMT, i.e., the serial order of the stimuli occurring in the middle positions (see Fig. 1 b and c and Results). In addition, in both tasks, the four stimuli were presented successively for 1,000 ms each interspersed with a delay varying from 2.5 to 7.5 s (average ϭ 3.5 s). This delay enabled the signal for each stimulus presentation to be measured separately. This design allowed us to examine activity related to the encoding of the serial order but not to the maintenance of this information within working memory.
Results
Behavioral Performance During Scanning. In the test period of the CT, there was no significant difference in behavioral performance for stimuli occurring at the end positions (i.e., positions 1 and 4) during the sequence versus stimuli occurring at the middle positions (i.e., positions 2 and 3) (mean percent correct performance for the middle positions, 84.7 Ϯ 36.0% and for the end positions, 84.8 Ϯ 35.9%, t ϭ 0.03, P Ͻ 0.97; mean reaction time for the middle positions, 1,268.7 Ϯ 288.5 ms and for the end positions, 1,251.3 Ϯ 281.9 ms, t ϭ Ϫ0.96, P Ͻ 0.34). Thus, performance for the test period of the CT is presented for all of the stimuli together ( Fig. 1 b and c) .
As can be seen in Fig. 1b , there were differences in percent correct performance between judgments of the order of presentation of stimuli that occupied the middle positions in the SOMT, judgments of the order of stimuli in the end positions in the SOMT, and recognition judgments in the CT (F (2,2320) ϭ 21.1, P Ͻ 0.00001, one-way ANOVA). Post hoc comparisons (at P Ͻ 0.000001, Fisher's test) showed that the percent correct performance for the end positions in the SOMT (94.5 Ϯ 22.7%) was significantly higher than performance for both the middle positions in the SOMT (83.3 Ϯ 37.4%) and the CT (84.7 Ϯ 35.9%). However, the percent correct performance for the middle positions in the SOMT was not significantly different from correct performance in the CT (P Ͻ 0.39, Fisher's test). These data show that the difficulty of the CT was well matched with that of the middle positions of the SOMT, but that the CT was more difficult than the easier end positions in the SOMT. Furthermore, as can be seen in Fig. 1c Note that the analysis of the BOLD signal was performed on the correct trials. To assess which ones of the many prefrontal cortical areas were involved in the encoding of the serial order of the visual stimuli, we first compared the BOLD signal obtained during the presentation of all of the four stimuli (i.e., STIM1 ϩ STIM2 ϩ STIM3 ϩ STIM4, Fig. 1a ) in the SOMT with the corresponding signal during the presentation of all of the four stimuli in the CT (i.e., SOMT minus CT). It is important to note that we examined the BOLD signal only in the 1,000-ms periods during which the four stimuli on each trial were presented, because the only difference between the SOMT and the CT during the presentation of the four stimuli is that, in the SOMT, the subject has to encode the order of the stimuli. The comparison SOMT minus CT demonstrated two peaks of increased activity within the mid-DLPFC during the encoding of the serial order of the stimuli. The coordinates of the activity peaks are provided in the Montreal Neurological Institute (MNI) standard stereotaxic space. There was a peak of increased activity in the right mid-DLPFC area 9/46 (x ϭ 49, y ϭ 34, z ϭ 23, t ϭ 3.74) and a peak in the left mid-DLPFC area 46 (x ϭ Ϫ40, y ϭ 46, z ϭ 4, t ϭ 4.64) (Fig. 2a ). In addition, there was increased activity in the right anterior cingulate cortex (ACC) (x ϭ 12, y ϭ 30, z ϭ 23, t ϭ 3.03).
After the overall analysis, we examined the relative involvement of the above areas in the successive encoding of the first, second, third, and fourth stimuli in the SOMT. For this goal, the mean percent BOLD signal change was measured as follows: First, the regions of interest were identified in each single subject on the basis of the overall comparison of the BOLD signal obtained during the presentation of all four stimuli in the SOMT with the corresponding signal during the presentation of all four stimuli in the CT (i.e., SOMT Stim1 ϩ Stim2 ϩ Stim3 ϩ Stim4 minus CT Stim1 ϩ Stim2 ϩ Stim3 ϩ Stim4). Second, the percent BOLD signal change was measured within a gray matter volume In both the SOMT and the CT, four new abstract nonverbal black and white stimuli were presented successively for 1,000 ms each. The presentation of the sequence was followed by a cue (1,000 ms) and then the test period (2,000 ms). A random delay varying from 2.5 to 7.5 s (average ϭ 3.5 s) was interspersed between the presentation of each one of the four stimuli, the cue, and the test period to enable the signal for each of these events to be measured. In the test period of the SOMT, two of the four stimuli from the preceding sequence were shown, and the subject had to indicate which one occurred earlier in the sequence. In the test period of the CT, one of the four stimuli from the preceding sequence and a new stimulus were shown, and the subject had to indicate the stimulus presented in the preceding sequence. Note that four new stimuli were used during the sequence presentation in all trials. of a 5-mm 3 radius centered on the peaks observed in each region of interest in each single subject for each one of the following comparisons: Stim1, SOMT minus CT; Stim2, SOMT minus CT; Stim3, SOMT minus CT; and Stim4, SOMT minus CT. Finally, the percent BOLD signal change obtained in the 17 subjects was averaged for each region of interest and for each comparison. As can be seen in Fig. 3 , the mean percent BOLD signal change was greater during the encoding of the second and third stimuli than during the encoding of the first and the last stimuli in the right area 9/46, the left area 46, and the ACC. It is interesting to note here that the above overall comparison (i.e., Stim1 ϩ Stim2 ϩ Stim3 ϩ Stim4, SOMT minus CT) revealed also an increase in activity in one location in the mid-ventrolateral prefrontal cortical (VLPFC) region (x ϭ Ϫ39, y ϭ 18, z ϭ 6, t ϭ 3.13). This activity increase was situated within the horizontal sulcus, which is occupied by architectonic area 47/12 at the border with area 45. In this region, the mean percent BOLD signal change to the stimuli that occupied the first and the last positions in the sequence was greater than that to the middle positions ( Fig. 3 ) (see below for comment).
We also examined, on a subject-by-subject basis, the exact location within the prefrontal cortex of the increases in activity related to the encoding of the order of the stimuli. This examination confirmed that, in each subject, one activity peak was always located in the right hemisphere on the middle frontal gyrus above the rostral part of the inferior frontal sulcus and in front of the anterior segment of the posterior middle frontal sulcus (see Fig. 2b ). Architectonic studies in our laboratory have shown that this part of the middle frontal gyrus is occupied by area 9/46 (10) . The other increase in activity occurred adjacent and within the intermediate sulcus where our architectonic studies indicate that area 46 is located (i.e., painfs1 and painfs2, Fig. 2b ) (10) . Thus, the subject-by-subject analysis provided strong evidence that the activity increases were occurring within the mid-DLPFC (i.e., architectonic areas 46 and 9/46).
The difficulty of the middle positions of the SOMT was well matched to the difficulty of the CT, but the end positions of the SOMT were easier than the CT (see Fig. 1b and Behavioral Performance During Scanning). We therefore proceeded to compare separately activity during the encoding of stimuli in the end positions and the middle positions of the SOMT with activity in the CT. Both comparisons yielded significantly increased activity in the mid-DLPFC (end positions SOMT minus end positions CT: area 9/46, x ϭ 51, y ϭ 36, z ϭ 21, t ϭ 3.71; area 46, x ϭ Ϫ43, y ϭ 44, z ϭ 4, t ϭ 3.65; middle positions SOMT minus middle positions CT: area 9/46, x ϭ 44, y ϭ 30, z ϭ 26, t ϭ 4.64; area 46, x ϭ Ϫ36, y ϭ 46, z ϭ 5, t ϭ 4.33). In other words, regardless of whether we compared the encoding of the middle positions in the SOMT that were equal in difficulty to the CT or the encoding of the end positions in the SOMT that were easier than the CT, there was significantly greater activity in the mid-DLPFC during serial-order encoding. Consequently, the pattern of activity observed in the mid-DLPFC cannot be attributed to the relative difficulty of the tasks being compared. It should also be noted that a recent study has shown greater activity in lateral prefrontal cortex in tasks that are easier to perform because they allow the coding of structure in sequences of spatial and verbal stimuli relative to more difficult unstructured CTs (11) .
To examine further whether modulation of the BOLD signal to increasing demands in the SOMT would be specific to the mid-DLPFC, we compared the signal obtained during the test period when the subjects were retrieving (i.e., judging) the relative order of stimuli that occupied the more difficult middle positions (i.e., positions 2 and 3) with the signal during judgment of the relative order of stimuli that occupied the easier first and last positions (i.e., middle positions SOMT minus end positions SOMT). The results showed that during judgment of the serial order of stimuli that occupied the more challenging middle positions, there was greater activity in the right mid-DLPFC area 9/46 (x ϭ 49, y ϭ 29, z ϭ 27, t ϭ 3.91) and the left area 46 (x ϭ Ϫ30, y ϭ 51, z ϭ 8, t ϭ 3.29) (Fig. 4a) . Again, a subject-by-subject analysis showed that the peaks of activity were always in the middle frontal gyrus above the inferior frontal sulcus and anterior to the posterior middle frontal sulcus, i.e., where area 9/46 is located, and within the intermediate frontal sulcus where area 46 is located (10) .
Finally, we examined the signal in the mid-DLPFC (areas 46 and 9/46) during the test period related to judgments of the order of stimuli in the middle positions and in the end positions of SOMT in comparison with the test period of the CT. For this goal, we first identified the activity peaks in the mid-DLPFC (areas 46 and 9/46) in each individual subject from the comparison ''all test periods in SOMT minus all test periods in CT.'' The percent BOLD signal change was then measured within a gray matter volume of a 5-mm 3 radius centered on these peaks for each one of the following comparisons: ''test period of judgments involving the middle positions of SOMT minus judgments involving all positions of CT'' and ''test period of judgments involving the end positions of SOMT minus judgments involving all positions of CT.'' Finally, the percent of the BOLD signal change obtained in the 17 subjects was averaged for each region of interest and for each comparison. The results showed that the mean percent BOLD signal change for the middle positions of SOMT was higher than for the end positions of SOMT in areas 46 and 9/46 combined (t ϭ 2.81, P Ͻ 0.008) (see Fig. 4b ).
Discussion
The present findings demonstrate unambiguously that activity increases related to the encoding of the serial order of a small number of visual events in working memory occur within the human mid-DLPFC (areas 46 and 9/46) and the anatomically and functionally related ACC (Fig. 2) . The greater response in these areas related to the encoding stimuli that occupied the middle positions in the sequence (i.e., the second and third positions in the four stimulus sequence) in comparison with the response to stimuli that occupied the first and last positions. These findings parallel remarkably results of the analysis of the effects of lesions to the mid-DLPFC in the monkey on serialorder short-term memory. In the monkey, absence of this area prevented the precise coding of order: only an approximate order could be inferred, indirectly, on the basis of the greater saliency of the first and last stimuli (i.e., on the basis of the classic primacy and recency effects) relative to the less-salient middle positions in the sequence (3). Interestingly, monkeys with mid-DLPFC lesions that cannot code the serial order of stimuli after a single presentation are still able to learn to select visual stimuli according to a learned fixed order, i.e., they are able to learn a sequence on the basis of repeated trials (12) . Thus, mid-DLPFC lesions abolish the neural representation of explicit ordinal position of a short series of stimuli based on a single exposure, leaving intact the learning of fixed chains of associations (i.e., learning a sequence of stimuli) and indirect inference of approximate order based on the greater saliency of the first and last items in a list.
The analysis of the mean percent BOLD response change demonstrated that, in the mid-DLPFC (areas 9/46 and 46) and the ACC, there was increased activity to the coding of all of the positions in the sequence but with greater activity for the coding of the middle positions, which are the most challenging in terms of serial-order coding (Fig. 3) . By contrast, in the mid-VLPFC, there was greater activity to the stimuli occupying the first and the last positions in the sequence (Fig. 3) . In other words, the mid-VLPFC was responding primarily to the more salient first and last stimuli (i.e., it appeared to be involved in the coding of primacy and recency). The present functional neuroimaging results are consistent with recent single neuron recording studies in the monkey. In one study in which the monkeys had to code only two sequentially presented stimuli, neurons in the mid-VLPFC responded to these two stimuli differentially (13), perhaps coding their relative saliency. By contrast, another single neuron recording study in the monkey with longer sequences (three stimuli) reported neurons in the DLPFC, but not the VLPFC, that coded the order of stimuli (14) .
The involvement of the ACC in serial-order memory is consistent with anatomical, electrophysiological, and lesion studies in the monkey. The ACC is strongly connected with areas 9/46 and 46 (15) (16) (17) and is also closely related to these areas in evolutionary development (15, 18) . Although the ACC works closely with the mid-DLPFC, ACC lesions in the monkey do not yield working memory deficits similar to those obtained after DLPFC lesions (19) . Similarly, ACC neurons do not encode information in working memory in the same way as mid-DLPFC neurons (20) . Although the exact role of ACC in serial-order memory remains unclear, one hypothesis is that ACC neurons encode the distance of events with respect to the goal (20) and not the order of occurrence of events in relation to the first event.
Further work will be necessary to clarify the role of ACC in serial-order memory. At present, there have been two prominent approaches to the study of the encoding of serial order in working memory. The first approach focused on the study of phonologically coded, stored, rehearsed, and recalled verbal material (21-24). This type of research, which examined the phonological coding of verbal stimuli (e.g., numbers) and the phonological storage and rehearsal of these verbal stimuli, led to the concept of the phonological (articulatory) loop (1) and the demonstration from lesion studies that the left supramarginal gyrus, together with Broca's speech region in the left cerebral hemisphere and the left premotor cortex, constitute an articulatory neural network involved in the processing of various aspects of the phonologically coded stimuli (25, 26) . Several neuroimaging studies (27) (28) (29) have also shown that the left supramarginal, Broca's speech region, and the left premotor cortical regions play an important role in the phonological coding and rehearsal needed to maintain verbal material in phonological short-term memory. The second research approach examined the coding of the serial order of nonverbal images, i.e., non-phonologically coded material. The neural basis of this type of serial-order coding, which does not critically involve the phonological system (i.e., an aspect of linguistic processing), has been studied in monkeys (3, 13, 14, 30) and in patients with brain lesions (6) . The importance of the prefrontal cortex for the coding of the order of stimuli was first suggested by Milner (31) based on impaired performance by patients with frontal lesions on a short-term memory task involving the recurrence of a small number of stimuli. The present functional neuroimaging study provides evidence that the mid-DLPFC (areas 46 and 9/46) constitutes the critical part of the prefrontal cortex for the precise encoding in working memory of the order of a short sequence of visual nonverbal and non-phonologically coded abstract stimuli. The results are also consistent with the finding that frontal lesions in human subjects that encroach upon the mid-DLPFC impair judgments of the relative order of stimuli in a long series of stimuli (6) . Note that, in the latter study, verbalization is of limited value in the coding of the relative order of stimuli.
In conclusion, the present fMRI results, together with the anatomical and neurophysiological evidence referred to above, suggest that the mid-DLPFC is necessary for the monitoring of the precise order of a limited number of visual stimuli. The availability of such detailed information in working memory is central to the ability to manipulate ''in the mind'' the order of stimuli and, therefore, to plan a series of steps of action which can then be translated (if necessary) into movement by the premotor/motor regions of the cortex (32) (33) (34) . Areas 46 and 9/46, which monitor serial order in current awareness, have strong connections with premotor cortical areas (15, 35) where the sequence of motor action must then be coded. Interestingly, lesions of area 8 and premotor area 6 do not impair the entry into working memory, after a single exposure, of the serial order of visual stimuli (3), a finding that further highlights the specificity of the contribution of the mid-DLPFC in monitoring and manipulating order in the mind versus the motor programs that will ultimately translate high-level cognition into action.
Methods
Subjects. Seventeen right-handed normal human subjects (8 females and 9 males, mean age ϭ 26.8 Ϯ 2.8 years) participated in the present fMRI study after informed, written consent according to the guidelines established by the Ethics Committee of the Montreal Neurological Hospital and Institute. The subjects were trained on the SOMT and the CT 1 day before the scanning session until they reached at least 85% correct responses in the middle positions and end positions of the SOMT and in the CT.
Stimuli and Testing Procedure During Scanning. The stimuli were abstract black and white designs to discourage the use of verbal mediation. In addition, the subjects were instructed not to use verbal mediation during the performance of the task. On each trial of the SOMT, four new abstract visual stimuli were presented successively on the screen for 1,000 ms each, followed by a test display during which two of these stimuli were shown simultaneously (Fig. 1) and the subject had to indicate, by pressing the appropriate response key, which one of the two stimuli occurred earlier in the sequence. In a random 50% of the test displays, the first and the last stimuli of the sequence were presented (i.e., end positions in the SOMT), and in the remaining 50%, the second and the third stimuli of the sequence were presented (i.e., middle positions in the SOMT). In the CT, again four new abstract visual stimuli were presented successively, but in the test display one of these stimuli was shown together with a new stimulus and the subject had to indicate which one was the stimulus presented in the sequence by pressing the appropriate response key (Fig. 1) . In a random 50% of the test displays, the first or the last stimulus of the sequence was presented together with a new stimulus (i.e., end positions in the CT), and in the remaining 50%, the second or the third stimulus of the sequence was shown together with a new stimulus (i.e., middle positions in the CT). Because of the abstract nonverbal nature of the stimuli, the instruction given to the subjects not to attempt to verbalize the stimuli, and because new stimuli were used in all of the trials of both the SOMT and the CT, the influence of verbalization was minimized in the present experiment. The subjects confirmed during the debriefing after the experiment that they had not attempted to verbalize these constantly changing nonverbal stimuli.
In one condition, the stimuli were abstract designs occupying the whole image and, in the other condition, they were smaller abstract designs embedded in a uniform abstract design background. In the example in Fig. 1a , the embedded abstract figures were abstract line drawings (squiggles). The embedded stimuli were different from trial to trial. The difference in the overall physical features of the stimuli (i.e., whether they occupied the whole image or were embedded in a uniform background) enabled the subjects to know which task they were performing at the beginning of each trial. Note that, for 9 of the 17 subjects, the overall physical features of the stimuli indicating the SOMT and the CT corresponded to the example displayed in Fig. 1a and, for the other eight subjects, the overall physical features of the stimuli indicating the SOMT and the CT were reversed.
FMRI Scanning and Data Analysis. Each normal volunteer was scanned by using a 1.5 T Siemens Sonata MRI Scanner (Siemens AG, Erlangen, Germany). After a high-resolution T1 anatomical scan (whole head, 1-mm 3 isotropic resolution), six functional runs of 248 images each [38 oblique T2* gradient echoplanar images, voxel size ϭ 3.4 ϫ 3.4 ϫ 3.4 mm, repetition time (TR) ϭ 3.5 s, echo time (TE) ϭ 45 ms, flip angle ϭ 90°] sensitive to the BOLD signal were acquired. The repetition time of 3.5 s enabled us to scan the entire brain with the voxel resolution described above. The onset of the first trial in each run was synchronized with the scanner acquisition via a trigger signal generated by the scanner. Behavioral and imaging data were acquired in all trials. In each functional run, the subjects performed 12 SOMT (i.e., six ''end positions SOMT'' and six ''middle positions SOMT'') and 12 CT trials. Stimulus presentation and the recording of motor responses were computer controlled and were programmed with E-prime software, Version 1.1 (Psychology Software Tools, Pittsburgh, PA).
Images from all runs were first realigned with an AFNI image registration software, using the third frame of the first run as a reference (36) , and then smoothed with an in-house MINC blurring software (mincblur), using a 6-mm FWHM isotropic Gaussian kernel. Subsequently, all images were nonlinearly transformed into the MNI stereotaxic space, using in-house dedicated software (37) . The nonlinear transform was estimated on MRI data blurred with an 8-mm FWHM Gaussian kernel and a 3D lattice grid with 4-mm spacing between nodes. The data analysis was performed by using fmristat (available at www. math.mcgill.ca/keith/fmristat) (38) [see supporting information (SI) Text for additional information on the statistical fMRI data analysis).
